Abstract-Patancheru, near Hyderabad, India, is a major production site for the global bulk drug market. Approximately 90 manufacturers send their wastewater to a common treatment plant in Patancheru. Extraordinary high levels of a wide range of pharmaceuticals have recently been demonstrated in the treated effluent. As little as 0.2% of this effluent can strongly reduce the growth rate of tadpoles, but the underlying mechanisms of toxicity are not known. To begin addressing how the effluent affects aquatic vertebrates, rainbow trout (Oncorhynchus mykiss) were exposed to 0.2% effluent for 5 d. Several physiological endpoints, together with effects on global hepatic gene expression patterns, were analyzed. The exposed fish showed both an induction of hepatic cytochrome P450 1A (CYP1A) gene expression, as well as enzyme activity. Clinical blood chemistry analyses revealed an increase in plasma phosphate levels, which in humans indicates impaired kidney function. Several oxidative stress-related genes were induced in the livers; however, no significant changes in antioxidant enzyme activities or in the hepatic glutathione levels were found. Furthermore, estrogen-regulated genes were slightly up-regulated following exposure, and moderate levels of estriol were detected in the effluent. The present study identifies changes in gene expression triggered by exposure to a high dilution of the effluent, supporting the hypothesis that these fish are responding to chemical exposure. The pattern of regulated genes may contribute to the identification of mechanisms of sublethal toxicity, as well as illuminate possible causative agents.
INTRODUCTION
The production of bulk drugs has recently been identified as an important source for environmental pollution with active pharmaceutical ingredients (APIs) at certain locations [1] [2] [3] [4] . Larsson et al. [1] showed that the effluent from a treatment plant receiving water from approximately 90 Indian bulk drug manufacturers contained very high levels (up to several milligrams per liter) of a variety of drugs. These findings were later confirmed by Fick et al. [2] , who also showed that the surface, ground, and drinking water in the region had become highly polluted with residual drugs. The treatment plant (Patancheru Environ Tech [PETL] ) is located in an industrial area just outside Hyderabad, and the bulk drugs produced in this area are primarily exported to the world market. Larsson and Fick [5] stressed the importance of this site in the global production chain for pharmaceuticals. They showed that of all 242 products on the Swedish market containing any of nine preselected APIs, 71 products (31%) originated from manufacturers that regularly send wastewater to PETL. The effluent from PETL is discharged into the Isakavagu stream that feeds the Nakkavagu, the Manjira, and eventually the Godawari rivers. These waters have a high variability of flow (depending on draught and monsoon), and the initial dilution of the 1,500 m 3 of effluent discharged from PETL per day can be very small during the dry season. On a sampling occasion in India in March 2008, the initial dilution was estimated to be 1:5 in the Isakavagu, with an additional twofold dilution in the Nakkavagu [2] . Many of the drugs detected in the water are antibiotics, and the high concentrations of fluoroquinolones found in the effluent are expected to be highly toxic to bacteria. Concerns have also been raised about the possibility that the high environmental levels of fluoroquinolones may promote the development of antibiotic resistance [1, 2, 5] . The occurrence of multiresistant pathogens is a serious global threat, and studies on the environmental microflora in Patancheru have commenced.
Several drugs targeting a variety of human proteins were also detected at exceptionally high concentrations in the effluent. It is known that the PETL effluent can have a potent effect on aquatic vertebrates; as little as 0.2% of the effluent reduced the growth of tadpoles by 40%, whereas zebrafish (Danio rerio) growth was not affected according to an embryo toxicity test [6] . The median lethal concentration (LC50) of effluent for zebrafish at 144 h after fertilization varied between 2.7 and 8.1% in different experiments. Concerns have been raised about the impact on both human health, wildlife ecology, and an impaired livelihood for local villagers [1, 2, 5, 6] . In the present study, focus begins on the potential effects on fish. Indeed, increased knowledge about how aquatic vertebrates are affected by effluent exposure, which substances in the effluent are causing the toxic effects, and at what dilutions of effluent fish are likely to be affected will aid in directing future efforts to improve the pollution situation in this area.
To achieve this end, gene responses and other biological effects characteristic of exposure to the PETL effluent could be useful as biomarkers for assessing how widely aquatic vertebrates are exposed and affected in the recipient environment. Patterns of gene responses could also generate hypotheses as to which compounds in the effluent are present at sufficiently high levels to affect gene expression and potentially become toxic to fish. Many useful environmental biomarkers of pollutant exposure are available (i.e., induction of vitellogenin in response to estrogenic compounds and induction of metallothionein in response to heavy metals), but few biomarkers of pharmaceutical exposure have been developed in wildlife species. The pharmacological and toxicological properties of drugs are, however, often well known in mammals and this knowledge might be useful in identifying the effects of pharmaceuticals in wildlife species. More than 80% of all human drug targets have homologs in zebrafish and western clawed frog (Xenopus tropicalis), and it is plausible that many drugs display similar modes of action in aquatic vertebrates and mammals [7] . A microarray analysis of fish exposed to a high dilution of the PETL effluent (sublethal concentration) could identify useful biomarkers of exposure. Such an analysis could also provide information about affected functional pathways and might aid in the future identification of substances that are responsible for the toxic effects caused by effluent exposure. A microarray focused on genes relevant for both pharmacological and toxic responses was therefore developed for rainbow trout (Oncorhynchus mykiss). Using this array, the hepatic transcriptome was analyzed in trout exposed to 0.2% of the PETL effluent. In addition, effects on higher levels of biological organization, such as hepatic and plasma enzyme activities and metabolite levels were measured.
MATERIALS AND METHODS

Chemicals
Estrone, estradiol, and estriol were obtained from SigmaAldrich and were all of high-performance liquid chromatography (HPLC) grade (.98%). Ethinylestradiol (EE 2 ; EP E1900000) was bought from European Pharmacopocia (Strasbourg, France). N,O-bis(trimethylsilyl)-trifluoroacetamide with 1% trimethylchlorosilane (BSTFA + TMCS 99:1, Sylon BFT), and N-trimethylsilylimidazole of derivatization grade were obtained from Sigma-Aldrich. Methanol (HPLC grade) was purchased from JT Baker and sulfuric acid from Merck. The purified water (resistivity, 18.2 MV cm) was prepared by an ELGA MAXIMA HPLC ultrapure water system (ELGA) equipped with an ultraviolet radiation source. 20,21-13 C 2 -labeled EE 2 (99%) was obtained from Cambridge Isotope Laboratories. Bovine serum albumin (BSA), 7-ethoxyresorufin, 5,59-dithiobis (2-nitrobenzoic acid), 1-chloro-2,4-dinitrobenzene, reduced b-nicotinamide adenine dinucleotide 29-phosphate, reduced glutathione, oxidized glutathione, and glutathione reductase (G 3664) were purchased from Sigma. Rhodamine and ethylenediaminetetraacetic acid were obtained from Merck.
Effluent samples
Descriptions of the PETL treatment plant, water sampling procedures, and chemical characteristics of the effluent were previously published [1, 6] . The effluent samples used in the present study were taken simultaneously with those used in the Larsson et al. [1] study. The effluent was frozen on dry ice in India and was kept frozen until just prior to the exposure.
Determination of steroid estrogens
Effluent water samples were filtered through a 0.45 mm membrane filter (MFTM, Millipore), adjusted to pH 3 using sulfuric acid and 500 ng of internal standard (20,21- 13 C 2 -labeled EE 2 ) was added. Solid phase extraction columns (Oasis HLB, 200 mg; Waters) were preconditioned and equilibrated with 5.0 ml of methanol and 5.0 ml of de-ionized water. One hundred milliliters of the water samples were applied to the solid phase extraction columns at a flow rate of 5 ml/min. Solid phase extraction columns were eluted with 5 ml of methanol. Samples were evaporated until completely dry and reconstituted in 50 ml of pyridine and transferred to 250 ml glass inserts. Twenty-five microliters of N,O-bis(trimethylsilyl)-trifluoroacetamide with 1% trimethylchlorosilane and 1% N-trimethylsilylimidazole were added for derivatization at 60uC for 45 min [8] . The trimethylsilyl derivatives were analyzed on a G AutoSpec high resolution mass spectrometer (Fisons Instruments). The injector was operated in splitless mode at 275uC. The column used was a J&W Scientific DB-5M (30 m 3 0.25 mm inside diameter 3 0.25 mm film thickness) capillary column with helium as the carrier gas at a constant flow of 1.2 ml/min. The gas chromatography temperature program was: constant flow of 40 cm/s He; initial temperature 90uC held for 3 min; 25uC/min rise to 180uC; 5uC/ min to 300uC and hold 5 min. The ion source and transfer line temperature was 250uC. The mass data with electron ionization at 30 eV were collected in selective ion monitoring mode. Identification was conducted by comparing retention times and the ratio between detection and quantification ions, relative to those of derivatized authentic standards. Ions used for detection and quantification (underlined m/z) were estrone (342,20; 327,18) 29; 489,27) . Samples were quantified using five-point calibration graphs.
Experimental animals and exposure
Juvenile rainbow trout (with a mean weight of 28 6 9 g [standard deviation]) were purchased from Vä nneå ns fiskodling. The fish were allowed to acclimate for a minimum of 5 d after transport to the Department of Zoology, University of Gothenburg. The fish were kept in a controlled environment with a 12:12 h photoperiod, in semi-light-protected aquaria, to avoid visual disturbance. The fish were fed once daily during the acclimation period, but were not fed during the experiments.
Two 5 d exposure experiments were performed. In the first experiment, 48 fish were evenly divided between four flowthrough glass aquaria (35 L). All four aquaria were supplied with circulating fresh water at 50 ml/min and 0.2% of the effluent sampled on November 7, 2006, was continually added to two of the aquaria. To ensure stable water quality, temperature and oxygen saturation were monitored before and during the exposure (data not shown). After 5 d, the fish were killed in random order with a blow to the head, and the length and weight of the whole fish were measured. Blood samples were withdrawn from the caudal vein using a lithiumheparinized syringe. The blood samples were immediately centrifuged and the plasma was stored at 220uC until analysis. Liver, heart, female gonads, and bile were collected and the liver, heart, and gonads were weighed. The livers were divided into three pieces, snap frozen in liquid nitrogen, and stored at 280uC until used.
In the second experiment, the experiment was repeated with the same basic experimental setup. Two additional control aquaria were also included and the exposed fish received effluent sampled on November 8, 2006 . All fish except two from each experiment were female and, subsequently, only female fish were used for further analysis. This strong sex bias was likely due to differential growth of the sexes and prior sizeselective sorting at the fish farm. It should be noted that sex steroids are not allowed to promote growth or control the sex of fish in Swedish fish farms. The experiments were approved by the local animal ethical committee in Gothenburg .
Somatic indices
Somatic indices were calculated for all fish. The condition factor was calculated according to the formula: condition factor 5 {weight (g)/[length (cm)] 3 } 3 100. Liver, gonad, and heart somatic indices were calculated according to the formula: [tissue weight (g)/body weight (g)] 3 100.
RNA isolation
Liver samples were removed from the storage in liquid nitrogen and homogenized using a TissueLyser (Qiagen). Total RNA was extracted with the Qiagen RNeasy Mini Kit and RNase-Free DNase Set or RNeasy Plus Mini Kit, following the manufacturer's instructions (Qiagen). The RNA quality and quantity were assessed by spectrophotometric measurements (Nanodrop 1000, NanoDrop Technologies) and potential RNA degradation was measured with an RNA StdSens Analysis Kit and Experion (Experion TM Electrophoresis Station, Bio-Rad Laboratories).
Microarray design and synthesis
An oligonucleotide microarray was designed for the Geniom platform, an automated system with in situ synthesized probes (Febit). Based on all putative transcripts available in the rainbow trout gene indices expressed sequence tag database (http://compbio.dfci.harvard.edu/tgi/), probes were generated as follows. First a single-link hierarchical clustering was used to group transcripts with high sequence similarities into single entities (based on 95% sequence similarity of at least 200 bases). Next, probes were designed using OligoArray 2.1 [9] , which is an algorithm that uses a thermodynamic approach to calculate specificity and to predict secondary structures. The probe designs were run using the following parameters: the probe lengths were set to 50 nucleotides, Tm range to 90 to 95uC, guanine and cytosine (GC) content to 45 to 55%, folding temperature to 70uC, and cross-hybridization temperature to 50uC. The default settings were kept for all other parameters, and no specificity check was done between transcripts within the same cluster. Satisfactory probes could be found for 72,423 of the 83,863 transcripts (86%).
Probes for relevant transcripts were selected from a number of different sources. Rainbow trout homologs to the genes reported in the publications [10] [11] [12] [13] were all chosen. Moreover, the homologs to all genes associated with pathways in the Pharmacogenetics and Pharmacogenomics Knowledge database (http://www.pharmgkb.org/) and the drug targets reported in Gunnarsson et al. [14] were also included on the chip. All predictions of homologs were done using the Basic Local Alignment Search Tool (BLAST) in tblastx mode, with a modest expectation value threshold of 10
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. In total, 3,168 probes were selected using these criteria, including many known biomarkers and other ecotoxicology-related genes. The remaining space on the microarray was filled with probes from randomly selected transcripts from the rainbow trout database (11,832 in total). All probes were identified by comparing the corresponding transcripts with UniProt (http://www.uniprot.org) and the five sequenced fish genomes available at Ensemble (http://www. ensembl.org). The microarrays were generated by in situ synthesis on the Geniom One system and biochips provided by Febit. Each biochip consists of eight individually accessible microchannels that are physically separated and allows eight different samples to be hybridized in parallel. Each such microchannel will be referred to as a microarray in this manuscript. In total, 19 microarrays distributed over three biochips were used in the present study.
Hybridization
Equal amounts of total RNA from three female fish from the same aquarium were pooled, and 1 mg of total RNA was used for each aRNA synthesis with MessageAmp # TM II-Biotin Enhanced Kit for single round aRNA amplification (AmbionH). The quality and quantity of each amplified and labeled aRNA sample were measured spectrophotometrically (Nanodrop 1000, NanoDrop Technologies) and 10 mg were vacuum dried, dissolved in 5 ml of water, and fragmented according to the manufacturers instructions (Ambion).
A prehybridization was performed with buffer (25 ml 23 morpholinoethansulfonic acid hybridization buffer and 1% BSA in 50 ml H 2 O) at room temperature for 15 min. Fifteen microliters of a solution containing 6 mg of the fragmented aRNA, 53 saline sodium phosphate ethylenediaminetetraacetic acid (SSPE) (203 SSPE, Ambion), 20% formamide, 0.5 mg/ml BSA solution, 0.13 TE buffer (0.01 M Tris-HCl, 0.001 M ethylenediaminetetra-acetic acid), 0.1 mg/ml mouse cot DNA (Invitrogen), 0.01% Tween 20, and 5 ml Milli-Q water was hybridized to each array. The samples were denaturated for 3 min at 95uC prior to hybridization. Hybridization occurred in a hybridization chamber (Febit) at 45uC for 16 h, followed by a first washing step at 25uC with 63 SSPE (Ambion) and a second washing step at 45uC with 0.53 SSPE. Fluorescence staining was performed by incubating the arrays with 5 mg/ml streptavidin-R-phycoerythrinconjugate (Invitrogen) in 63 SSPE containing 2 mg BSA/ml at 25uC for 15 min. Subsequently, the arrays were rinsed with 63 SSPE at 25uC. Signal amplification was preformed using biotinylated a-streptavidin antibodies (Vector Laboratories), followed by an additional incubation with streptavidin-Rphycoerythrin-conjugate. Signal detection was done using the internal charge-coupled device-camera system of the Geniom One instrument. For detection of the phycoerythrin chromophore, the Cy3 filter was employed. The duration of signal integration was determined automatically by the instrument's software. Integration times were between 360 to 400 ms, and the resulting images were quantified using the Geniom Wizard version 1.5.1 (Febit). Data from the complete microarray experiment is available with accession number: GSE15124 at the National Center for Biotechnology Information, Gene Expression Omnibus public repository (http://www.ncbi.nlm. nih.gov/geo/) according to the minimum information about a microarray experiment guidelines.
Microarray analyses
Nineteen microarrays (with four exposed and four control pools from experiment 1 and five exposed and six control pools from experiment 2) were imported into the statistical language R 2.7.2 (http://www.R-project.org) and analyzed with Bioconductor (http://www.bioconductor.org/). To remove signal bias and intensity-dependent trends, the raw data from all arrays were simultaneously normalized using the quantilequantile algorithm [15] . Boxplots of all the microarray data (both before and after normalization) and two plots with the average logarithmic fold change (M) versus average total logarithmic intensity (A) before and after normalization are included as Supporting Information Figures S1 to S4 (http:// dx.doi.org/10.1897/09-120.S1). The data were then log 2 -transformed, and differentially expressed probes were identified using the moderated t statistic [16] implemented in the Linear Models for Microarray Data (LIMMA) package. To account for multiple testing, all probes were ranked according to the Benjamini-Hochberg false discovery rate. For subsequence analysis, human and zebrafish homologs were identified by BLAST running in tblastx mode with 10 225 as expected-value cut-off. Test of functional enrichment for Gene Ontology (GO) (http://www.geneontology.org/) and Kyoto Encyclopedia of Genes and Genome (KEGG) pathways (http://www.genome. jp/kegg/) was performed using the GOrilla web service [17] and the GOstat R-package [18] .
Quantitative polymerase chain reaction analyses
Total RNA was pooled in the same manner as for the microarray analysis and the same 19 pools were analyzed. Total RNA (1 mg) was reverse transcribed with a mixture of random hexamers and oligo(dT) primers, using the iScriptTM cDNA Synthesis Kit (Bio-Rad). The cDNA synthesis was performed according to the manufacturer's instructions. No reverse transcriptase (NoRT) controls were synthesized for each sample. A standard curve with six cDNA dilutions was performed for each primer pair to ensure an optimized assay. Primer sequences and accession numbers are presented in Supporting Information, Table S1 (http://dx.doi.org/10.1897/ 09-120.S2).
Amplification reactions were carried out in triplicate with Power SYBRH Green PCR Mastermix (Applied Biosystems) according to the manufacturer's instructions. Each quantitative polymerase chain reaction (qPCR) amplification contained cDNA corresponding to 10 ng total RNA and 300 nM of each primer pair in a final reaction volume of 10 ml. The reaction was performed in 384-well plates using an ABI PRISMH 7900 HT Sequence Detection System (Applied Biosystems) with 10 min initial denaturation at 95uC, followed by 40 cycles of 95uC for 15 s and 60uC for 1 min. A melting curve analysis was performed after each run to verify specific amplification. Two technical replicates from each NoRT control were run, in order to ensure that the samples were free from genomic DNA. None of the NoRT controls had a threshold cycle (C t ) value below 30 and all had C t values more than 10 cycles after the actual sample, with the exception of two samples in the vitellogenin (VTG) analyses. One NoRT sample from exposed fish and one NoRT sample from control fish, both from exposure experiment 2, had C t values of less than five cycles after the actual samples. Consequently, these two samples were excluded from the VTG analysis. Both a-tubulin and ubiquitin were identified as good reference genes. The median of the three technical qPCR replicates was normalized with the mean of the medians of ubiquitin and a-tubulin. The resulting DC t values were used for the statistical analyses where tests for differential expression between control and exposed fish were performed using a single-sided Student's t test assuming equal variances. All p values were corrected for multiple testing using the Holm-Bonferroni procedure.
Hepatic enzyme activities and glutathione levels
The enzymatic analyses were performed on individual liver samples from six control fish and six exposed fish from exposure experiment 1, and 10 control and five exposed fish from exposure experiment 2. Liver fractions were prepared as previously described [19] . Livers were homogenized 3 3 3 (glass/TeflonH) in four volumes of homogenization buffer (0.1 M Na + /K + phosphate buffer (pH 7.4) containing 0.15 M KCl) and centrifuged in two steps: first at 10,000 g for 20 min, and the supernatant was recentrifuged at 105,000 g for 60 min. The pellet (microsomal fraction) was resuspended in homogenization buffer containing 20% glycerol, and the microsomal and cytosolic fractions were stored at 280uC until analyzed. Liver pieces used for measurement of glutathione levels were sonicated in 5% 5-sulfosalicylic acid dihydrate, kept on ice for 20 min, and centrifuged at 10,000 g for 15 min. The supernatant was stored at 280uC until analyzed. All preparation steps were carried out at 0 to 4uC.
Ethoxyresorufin-O-deethylase (EROD) activity was measured in the liver microsomal fraction as previously described [20] , using rhodamine as standard. Glutathione-S-transferase (GST) activity was measured in liver cytosol as previously described [21] and GST activity was calculated using the extinction coefficient of 1-chloro-2,4-dinitrobenzene (e 5 9,600/M/cm). Glutathione reductase activity was measured in liver cytosol as previously described [22] . Glutathione reductase activity was calculated using the extinction coefficient of 5,59-dithiobis(2-nitrobenzoic acid) (e 5 14,151/M/cm). Catalase activity was measured in liver cytosol fractions according to a previously described method [23] , modified for a microplate reader. Catalase activity was calculated using the extinction coefficient of H 2 O 2 (e 5 40/M/cm). Total and oxidized glutathione levels were measured in individual liver samples from six control and six exposed fish from exposure experiment 1, and nine control and five exposed fish from exposure experiment 2. The levels were measured as previously described by Vandeputte et al. [24] . In short, before measuring oxidized glutathione levels, 5 ml of vinylpyridin was added to 100 ml of sample and shaken at room temperature for 1 h in order to bind and remove reduced glutathione. Levels were quantified using a standard curve prepared with glutathione.
Blood plasma
All analyzed plasma samples contained plasma from two fish from the same aquaria, except for two samples from exposure experiment 2, where plasma from four fish was pooled due to small plasma volume. The blood chemistry was analyzed at the Institution for Clinical Chemistry at the Sahlgrenska University hospital. Three plasma pools were excluded from the analysis because of hemolysis. Twelve pools from control fish and 12 pools from exposed fish from experiment 1, and 19 pools from control fish and 11 pools from exposed fish from experiment 2 were included in the statistical analysis. The concentrations of eight metabolites (chloride, cholesterol, creatinine, glucose, phosphate, potassi-um, sodium, and total protein), and the activities of five enzymes (alanine aminotransferase, alkaline phosphatase, aspartate aminotransferase, creatinine kinase, and lactate dehydrogenase) were measured with standard protocols for blood sample screenings (Roche Diagnostics).
Statistics
Differences in somatic indices, plasma metabolites, plasma and hepatic enzyme activities, and hepatic glutathione levels were tested using a two-way analysis of variance with one parameter for the treatment and one for compensating for effects between the two different exposures. Significance of the treatment parameters was tested using standard two-sided F tests and the p values were corrected for multiple testing using the Holm-Bonferroni procedure. The seven tests for the hepatic activities or levels of various detoxification and antioxidant defenses and the 13 tests for the enzyme activity and blood plasma were corrected individually.
RESULTS
Overview of gene expression changes
According to the microarray results, several genes involved in biotransformation and detoxification of chemicals and pharmaceuticals were regulated in fish exposed to 0.2% of the PETL effluent. Tests for differential expression identified 50 genes with a false discovery rate below 0.2, and selections of the most significantly regulated genes are presented in Tables 1  and 2 . The complete list of all probes and their differences in gene expression is available as Supporting Information, Table  S2 (http://dx.doi.org/10.1897/09-120.S3). In order to find affected pathways and regulated genes with similar biological functions, the top lists of the most significantly regulated genes were analyzed for overrepresentation of GO terms and KEGG pathways (this analysis was performed for the top 50, 100, and 300 probes). For example, the GO terms unfolded protein binding (GO:0051082) and triacylglycerol metabolic process (GO:0006641) were overrepresented in the top 300 list. Quantitative PCR analyses were performed for some toxicologically relevant genes, and significant regulation in exposed fish could be confirmed for six out of seven genes tested (Fig. 1) .
Induced CYP1A gene expression and activity
The phase I biotransformation enzyme cytochrome P450 1A (CYP1A) was induced 5.5-fold in exposed fish, as measured by qPCR (Fig. 1) . The hepatic EROD activity was also four times higher than in the control fish (p 5 1 3 10 24 ) (Table 3) . Additionally, three probes annotated as cytochrome Table 1 . Top 10 most significantly up-regulated genes and the oxidative stress related genes among the top 200 most significantly regulated genes in rainbow trout exposed to treated industrial effluent diluted 1:500 P450 enzymes (with the best human BLAST hits of CYP39A1, CYP4V2, and CYP2J2), were slightly up-regulated according to the microarray analysis. However, the expression of CYP3A was unaffected in exposed fish (Supporting Information, Table  S2 ; http://dx.doi.org/10.1897/09-120.S3).
Induction of genes related to oxidative stress
The oxidative stress related genes (GST p [GSTp], glutathione peroxidase, protein disulfide-isomerase and superoxide dismutase [Cu/Zn]) were significantly up-regulated in the exposed fish, as measured by qPCR (Fig. 1) . However, the hepatic levels of total glutathione, oxidized glutathione, and percentage of oxidized glutathione were not altered in the exposed fish. Similarly, the antioxidant enzyme activities of GST, glutathione reductase, and catalase were also unaltered in the exposed animals (Table 3) .
Weak estrogenic response
The estrogen receptor a (ERa) was up-regulated in exposed fish, as measured by microarray (Table 1) . Differential expression of the estrogen responsive genes ERa, VTG, and zona pellucida protein 3 (ZP3) were therefore measured by qPCR. Both ERa and ZP3 were up-regulated almost twofold, but VTG was not induced in the exposed fish (Fig. 1) . The concentrations of estrone, estradiol, estriol, and 17a-ethinyl estradiol were analyzed in the effluent samples. Among these, estrone, estradiol, and 17a-ethinyl estradiol could not be detected, whereas estriol was measured at concentrations of 313 and 233 ng/L in the effluent samples from November 7 and 8, respectively. The detection limit of the selected method was 0.1 ng/L for estrone, estradiol, and 17a-ethinylestradiol and 0.01 ng/L for estriol. This method has been specially developed to ensure that no estrogen conversion occurs during the derivatization [8] .
Increased plasma phosphate levels Fish exposed to the effluent had a 13% increase in plasma phosphate levels (adjusted p 5 0.008) and a 16% increase in cholesterol levels (adjusted p 5 0.02). None of the other plasma metabolite levels or enzyme activities was altered in the exposed fish (Table 4) . Further, none of the measured somatic indices (condition factor, liver, heart, and gonadosomatic indices) were affected in the exposed animals (data not shown).
DISCUSSION
The present study shows that exposures of fish to a highly diluted (1:500) treated effluent from the manufacturing of bulk drugs affects the expression of hepatic genes involved in the biotransformation and detoxification of chemicals and pharmaceuticals. In addition, fish showed induced hepatic EROD activity and increased plasma phosphate levels. The pattern of differentially expressed genes did not clearly point at any specific group of chemicals or pharmaceuticals, but the observed gene regulations could serve as basis for hypothesizing what pharmaceuticals or other compounds in the effluent are the most biologically potent to aquatic vertebrates. Previously determined concentrations of a range of pharmaceuticals and other substances in the effluent could, together with the microarray data, increase our understanding of the mechanisms behind the effluent's toxicity.
Induced CYP1A gene expression and activity
The exposed fish showed increased gene expression of the detoxification enzyme CYP1A and increased EROD activity. Increased CYP1A gene expression and EROD activity are well-established in vivo biomarkers of contaminant exposure. Cytochrome P450 1A is induced by a wide range of chemicals, many of which are toxic. Induction is often mediated through binding of xenobiotics to the cytosolic aryl hydrocarbon receptor (AhR). Cytosolic AhR forms an aggregate with other proteins, including the dimeric form of 90 kDa heat shock protein (HSP90). The gene expression of HSP90 was also upregulated, as measured by the microarray analysis in the present study. After ligand binding, HSP90 is released and the AhR-ligand complex binds to a nuclear translocator protein.
In mammals, this complex binds to promoters containing dioxin-responsive elements, and can initiate transcription of genes such as CYP1A, UDP-glucuronosyltransferase 1a1, NAD(P)H:quinine oxidoreductase 1, sulfotransferase 2, and GSTp [25, 26] . Some AhR inducible genes were up-regulated in Table 2 . Top 10 most significantly down-regulated genes with an annotation in rainbow trout exposed to treated industrial effluent diluted 1:500 exposed fish (i.e., CYP1A, GSTp, HSP90), while others were not (e.g., UDP-glucuronosyltransferase). Examples of groups of chemicals that induce CYP1A via the AhR are polychlorinated dibenzo-p-dioxins, dibenzofurans, polychlorinated biphenyls, polycyclic aromatic hydrocarbons (PAHs), other halogenated biphenyls, terphenyls, and some pesticides [25] . In addition to pharmaceuticals, the concentrations of over 200 different organic solvents, metals, pesticides, and other pollutants have been analyzed in samples from the PETL effluents that were taken at the same time as the samples used in the present study [6] . The majority of the chemicals tested were below detection limits and, to the best of our knowledge, no individual chemical was found at levels that could easily explain the observed CYP1A induction at the dilution used here. The lowest observed effect concentration of the most abundant CYP1A inducing PAH in the effluent, phenanthrene (0.37 mg/L in undiluted effluent), is more than 1,000 times higher than the concentration the fish were exposed to in the present study [27] . However, a number of AhR agonists, such as the PAHs fluoranthene, anthracene, and the pesticide alachlor, were detected in the effluent at low concentrations [6] . The presence of other CYP1A-inducing agents that were not analyzed might also explain the induction. Another cause for the induction could be the high levels of pharmaceuticals that were detected in the effluent [1] . At least two of the detected APIs are metabolized by CYP1A (ranitidine and zolpidem) in mammals [28] . Losartan, metoprolol, sertraline, and atorvastatin induce CYP1A1 or CYP1A2 gene expression in rats exposed to high doses. However, only sertraline and atorvastatin are AhR agonists and none of the four APIs produce a dioxin-like toxicity in rats [26] . Substances that inhibit CYP1A metabolism were also detected in the effluent. Fluoroquinolones, such as ciprofloxacin, that were measured in very high concentrations are known to inhibit hepatic CYP1A activity in mammals [29, 30] . Inhibition of the CYP1A enzyme activity could lead to inefficient metabolism of CYP1A substrates, which are often CYP1A inducers. The observed EROD induction may be an indication of adverse effects mediated by the AhR. However, CYP1A induction can be influenced by many factors and increased EROD activity does not always lead to toxicity. Oxidative stress
The microarray data indicated that a number of oxidative stress-related genes were differentially expressed in the exposed fish. The regulation of GSTp, glutathione peroxidase, protein disulfide-isomerase, and superoxide dismutase [Cu/Zn] could be confirmed with qPCR. Aryl hydrocarbon receptor agonists, such as PAHs, have been reported to disturb the antioxidant defense system and induce oxidative stress both in mammals and in fish. This oxidative stress can, at least in part, be generated via CYP1A metabolism. The CYP1A catalyzed reactions can generate electrophilic metabolites and other reactive oxygen species [25] . Metals have also been shown to affect EROD activity and induce oxidative stress [31, 32] . However, all of the metals analyzed in the PETL effluent were detected at relatively low concentrations [6] . Further, metal response genes such as metallothionein A were not induced in the exposed fish according to the microarray data. One group of pharmaceuticals, fluoroquinolone antibiotics, which were detected as major constituents of the PETL effluent, can induce oxidative stress in mammals at high doses [31, 33, 34] . However, none of the measured fluoroquinolones (ciprofloxacin, lomefloxacin, ofloxacin, and enrofloxacin) showed adverse effects in a fathead minnow (Pimephales promelas) early life-stage toxicity test [35] , until concentrations used were at least 100 times higher than the concentrations the fish were exposed to in the present study [1] . To test effects of oxidative stress at a higher level of biological organization, we measured the hepatic antioxidant enzyme activities of GST, glutathione reductase, and catalase and levels of the antioxidant glutathione. None of these parameters were affected in the exposed fish. The gene expression of GSTp, glutathione peroxidase, and superoxide dismutase [Cu/Zn] were only slightly, but significantly, induced in exposed fish. However, induced gene expression does not necessary imply physiological significance. The induction at the mRNA level does suggest that an oxidative stress response may be induced in fish exposed for a longer time period and/or to a higher concentration of the PETL effluent.
Blood chemistry
The effluent-exposed fish had significantly higher plasma phosphate and cholesterol levels than unexposed fish. Increased phosphate blood levels are associated with renal failure and hypoparathyroidism in mammals [36] . However, the physiological importance of a 13% increase to 2.1 mmol PO 4 /L in rainbow trout plasma is difficult to estimate. The phosphate plasma level in rainbow trout varies depending on diet. Phosphate levels as high as 2.73 mmol/L have been measured in healthy fish that have not been fed for 7 d [37] . In the present study, both exposed fish and controls were fasted during the exposure; thus a difference in diet was not the cause. A prolonged exposure to the PETL effluent and/or other analyses, such as histopathology, could shed light on the physiological consequences of this increase in phosphate and cholesterol levels.
Estrogenic compounds in the effluent
The induction of ERa suggested that the effluent contained estrogenic substances. Therefore, the abundance of ERa, ZP3, and VTG mRNAs were measured by qPCR. The exposed fish had an almost twofold induction of ERa and ZP3, while the level of VTG was unaffected. Induction of ZP3 gene expression can be a more sensitive biomarker of estrogen exposure than induction of VTG, suggesting that the concentrations of estrogenic compounds in the effluent were low [7, 38] . At PETL, human sewage containing high amounts of bacteria is added to the process water to improve the microbial degradation efficiency. It cannot be excluded that the small induction of ERa and ZP3 were caused by estrogenic compounds (i.e., estrone, estradiol, estriol, and 17a-ethinylestradiol) originating from the added sewage. In order to test this hypothesis, the PETL effluent was analyzed for the presence of estrone, estradiol, estriol, and 17a-ethinylestradiol. Only estriol (233 and 313 ng/L in undiluted effluent) was detected, but this concentration was too low to alone explain the observed ERa and ZP3 inductions. Finding that only estriol, but not estrone or estradiol, was present in the effluent is somewhat surprising if the estriol originated from the added sewage. Together, these data suggest that other estrogenic compounds may have been present in the effluent.
CONCLUSIONS
The present study shows that the expression of genes involved in biotransformation and detoxification of chemicals and pharmaceuticals are affected in fish exposed to a high dilution (1:500) of the PETL effluent. In addition, the exposed fish showed induction of hepatic EROD activity and plasma phosphate levels. The results from the present study, together with recently published studies [1, 2, 6] , support the hypothesis that one of the world's largest centers for bulk drug production pollutes surface water to levels that can widely affect aquatic life. Fig. S1 . Average M versus average A (raw). Fig. S2 . Boxplot of microarray data (raw). Fig. S3 . Average M versus average A (norm). Fig. S4 . Boxplot of microarray data (norm). All figures found at DOI: 10.1897/09-120.S1 (362 KB PDF). Table S1 . Primer sequences used for quantitative polymerase chain reaction (qPCR).
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